One experiment was conducted to evaluate the influence of glycerin (GLY) on animal performance and health when used as a partial replacement for roughage in receiving diets. The second experiment was conducted using ruminally and duodenally cannulated steers in a 4 × 4 Latin square to determine the site of nutrient digestion and ruminal fermentation characteristics when GLY replaced roughage at 0%, 2.5%, 5%, and 10% of diet DM. In Exp. 1, steers (initial BW = 245 ± 2.3 kg) were fed treatment diets over a 42-d period that consisted of a control diet based on steam-flaked corn with GLY inclusion in replacement of dietary roughage at 0%, 5%, and 10% of diet DM. A linear reduction in DMI was observed as GLY increased (P = 0.01). Glycerin incorporation tended to improve G:F in a linear manner (P = 0.07); efficiency was improved 5.4% and 4.7% at 5% and 10% GLY. The number of animals receiving treatment for bovine respiratory disease did not differ among treatments. Furthermore, there were no differences among treatments for mortality or the frequency of steers that were seropositive for serum antibody titers to infectious bovine rhinotracheitis on d 28. In Exp. 2, apparent OM and apparent and true starch digestibility increased linearly (P < 0.05) as GLY concentration increased, whereas true OM digestibility responded in a quadratic (P < 0.01) manner. Bacterial OM and bacterial starch flow responded quadratically (P ≤ 0.02), and flow increased from 0% to 5% GLY inclusion and decreased thereafter. Feed OM flow responded quadratically (P ≤ 0.05), where it decreased from 0% to 2.5% GLY and increased from 2.5% to 10% GLY inclusion. Feed starch (P = 0.02) and total starch (P = 0.02) flow from the duodenum decreased linearly as the concentration of GLY increased in the diet. Bacterial N flow to the duodenum responded quadratically (P < 0.01); it increased with increasing GLY in the diet up to 5% and then decreased from 5% to 10%. The acetate to propionate (A:P) ratio in the ruminal fluid decreased (P < 0.05) as the concentration of GLY in the diet increased, which could have implications on improved G:F. The decrease in the A:P ratio as GLY increased in the diet, coupled with the linear decrease in DMI and improvement in G:F with GLY addition up to 5% of DM in place of roughage, implies that GLY is a viable dietary ingredient in growing and receiving diets.
INTRODUCTION
During stressful periods, nutrient demands of cattle increase, and health can deteriorate. Bovine respiratory disease complex (BRD) is of interest in receiving cattle because of the economic and performance losses evident during the receiving period. Although our understanding of many of these disorders is far from complete, altering dietary roughage and energy may offer benefits for the health of stressed cattle (Galyean et al., 1999) , and increasing dietary energy density may increase performance and enhance immunological response.
In vitro data suggest that glycerin (GLY) is primarily converted to propionate within the rumen and adding GLY to ruminant diets decreases the acetate:propionate (A:P) ratio. AbuGhazaleh et al. (2011) reported that Butyrivibrio fibrisolvens and Selenomonas ruminantium in ruminal fluid decreased with increased concentrations of GLY, which could suggest that fiber digestibility is negatively affected by GLY in ruminant diets. Limited data are available on the use for GLY as a roughage replacement for receiving and growing feedlot cattle.
Expansion of the biodiesel industry has increased the GLY supply. Glycerin is an energy-dense feed for ruminant species as indicated by studies in sheep (AvilaStagno et al., 2013; Meale et al., 2013) and dairy (Fisher et al., 1973; DeFrain et al., 2004) , growing (Hales et al., 2013) , and finishing cattle (Parsons et al., 2009 ). Glycerin has primarily been evaluated as a replacement for corn rather than the roughage portion of feedlot cattle diets. Thus, our hypothesis was that replacing roughage with GLY in receiving diets would improve performance and health status and that the replacement of roughage with GLY in growing diets would decrease ruminal fiber digestion. Our objective was to determine the potential of using GLY as a roughage replacement in diets for receiving cattle and determine the site and extent of nutrient digestion and ruminal fermentation characteristics of GLY in cattle fed growing diets.
MATERIALS AND METHODS
All animal use protocols were approved by the Amarillo Area Cooperative Research, Education, and Extension Team Animal Care and Use Committee.
Experiment 1
Bull and steer calves at a high risk of developing BRD (n = 309) were procured from sale barns across the southeast United States. Comingled cattle purchased at numerous sale barns were considered high risk for developing BRD. Cattle were procured by a single-order buyer and were transported 1,432 km from West Point, MS, to Canyon, TX, in 4 shipments. The duration of transit averaged 18 h. The first load of cattle (n = 83) arrived on the morning of June 24, 2011; the second load (n = 88) arrived on the morning of June 25, 2011; the third load (n = 85) arrived on the morning of June 29, 2011; and the fourth load (n = 84) arrived on the morning of July 1, 2011. For all loads, cattle were processed immediately on arrival at the West Texas A&M University Research Feedlot and were allocated to treatment at the time of processing.
Processing included individual identification; vaccination against viral antigens of infectious bovine rhinotracheitis, parainfluenza type-3, bovine respiratory syncytial virus, and bovine viral diarrhea types I and II (Bovi-Shield Gold 5; Pfizer Inc., Exton, PA); administration of a clostridial bacterin-toxoid (Vision 7 with Spur; Merck Animal Health, Summitt, NJ); metaphylaxis with tulathromycin (Draxxin; Pfizer Inc.); implanting with 36 mg of zeranol (Ralgro, Merck Animal Health); and treatment for internal and external parasites (Ivomec Plus, Merial Ltd., Duluth, GA; and Safe-Guard, Merck Animal Health). Horns, if present, were tipped to a diameter of approximately 2.5 cm, and castration by knife was performed as needed (89% bulls on arrival). Additionally, individual BW and a 10-mL sample of whole blood were collected by jugular venipuncture from each animal on arrival. The whole blood was allowed to clot, centrifuged at 2,000 × g for 20 min at 4°C, and stored as serum at -80°C for later analysis of IBR (infectious bovine rhinotracheitis) titers.
Treatments were randomized to pens (9 pens/treatment, 11 to 12 steers/pen) before cattle arrived. Each truckload served as a block, and cattle were segregated by gender (steers and cut bulls) into temporary pens after processing for stratification purposes. Steers were then randomized to treatment. Castrated bulls and steers were evenly distributed across all treatments. Pens were soil surfaced (6.09 × 27.4 m), contained a concrete fence line bunk (3.05 m/pen), and were equipped with 1 automatic water tank, each of which was cleaned each week throughout the study.
Long-stem wheat hay was offered (0.9 kg/animal) for up to 5 d after arrival to attract cattle to the bunk. Then the diet containing 0%, 5%, or 10% GLY (DMbasis) was fed twice daily beginning at 0800 and at 1400 (Table 1) throughout the 42-d study.
Experimental diets were formulated to contain equivalent CP and mineral content. Diets were prepared twice daily using a stationary paddle mixer (Model 84-8; Roto-Mix, Inc., Dodge City, KS), and supplements (meal form) were manufactured as needed using a stationary ribbon mixer (Model S-3; H. C. Davis and Sons Manufacturing Co., Bonner Springs, KS). Steam-flaked corn (SFC) was prepared 2 to 3 times/wk, with a target bulk density of 347 g/L. Whole corn was tempered to 20% moisture for an average of 19 h before steam flaking. Dry matter of SFC was determined 5 d each wk, and DM for other dietary ingredients was determined once each week (60°C for at least 48 h in a forced-air oven). Samples of treatment diets were collected once per week from the bunk after feed delivery; DM determination was completed on a subsample, and the remaining sample was composited within each respective treatment over the entire study for laboratory analyses. Composite diet samples were assayed in duplicate for CP, NDF, ADF, NPN, ether extract, and minerals by a commercial laboratory (Servi-Tech Labs, Amarillo, TX). Diet as-fed composition was determined at the beginning of the study and updated as needed.
Feed bunks were managed to contain approximately 2.3 kg of refused feed at 0700 h. Each morning, any feces, hair, and other foreign material were removed from the bunk, taking care not to discard orts. Bunks were cleaned on days cattle were weighed and as needed depending on inclement weather. Refused feed collected during bunk cleaning was weighed, DM was determined, and the dry quantity was deducted from total feed DM delivered to the pen to determine DMI.
Initial BW was determined on the day of arrival before access to feed and water. Additional BW were acquired on d 28 and 42 using a single-animal scale, and a 4% shrink was applied to animal BW. The scale was validated before each use with 20 certified weights (22.68 kg each) and was calibrated when the actual reading was >0.3% above or below the certified weight.
Steers were revaccinated for viral antigens (BoviShield Gold 5; Pfizer Inc.) and received a booster of a clostridial bacterin (Vision 7 with Spur; Merck Animal Health), and color-coded treatment tags were administered between feedings when cattle were revaccinated on d 10 to 12. On d 28, a sample of whole blood (10 mL) was collected from each animal by jugular venipuncture. Serum was collected after clotted whole blood was centrifuged at 2,000 × g for 20 min at 4°C and stored at -80°C for later analysis of titers.
Cattle were visually evaluated twice daily for symptoms of BRD, lameness, and digestive upset. Cattle deemed unhealthy by individual subjective observations were pulled for further examination. Antibiotic treatment for BRD was administered if rectal temperature exceeded 39.9°C or when it was less than 37.8°C, and cattle were then returned to their pen unless isolation was warranted. Antibiotic selection was under the advisement of a licensed veterinarian. Arrival metaphylaxis with tulathromycin (Draxxin, Pfizer Inc.) involved a 7-d posttreatment interval before cattle were eligible for additional antibiotic treatment. The first course of therapy for BRD was enrofloxacin (Baytril; Bayer Animal Health, Columbia, MO). If an animal was diagnosed with BRD a second time, florfenicol (Nuflor, Merck Animal Health) was administered. Oxytetracycline (Boehringer Ingelheim, Ridgefield, CT) was administered if an animal was diagnosed with BRD on a third occasion. A 5-d posttreatment interval was used for each of these antibiotics. Cattle with chronic illness or lameness were removed from the study. Thirteen steers died, and 1 was removed from the study for lameness.
Experiment 2
Four ruminally and duodenally cannulated (Bar Diamond, Parma, ID) Holstein steers (initial BW = 276 ± 3.4 kg) were used in a 4 × 4 Latin square design with 21-d periods consisting of a 17-d adaptation followed by a 4-d collection period. Diets were offered twice daily at ad libitum intake; equal proportions were fed at 0800 and 2000 h. Feed refusals were collected from d 17 to 21, weighed, and subsampled to determine nutrient intake. Steers were individually fed in 2.4 × 3.6 m pens bedded with wood chips from d 1 to 14 and moved into 1.2 × 2.4 m crates on d 15 before the collection period to allow for adaptation of the collection facility. Fecal output was estimated by dosing a 7.5-g bolus of chromic oxide twice daily (0700 and 1600 h) via rumen cannula on d 10 3 Formulated to contain (DM basis) 54.59% limestone, 18.14% urea, 9.06% salt, 10.88% KCl, 3.23% MgO, 0.0032% cobalt carbonate, 0.3935% copper sulfate, 0.0045% ethylenediamine dihydriodide, 0.3718% MnO, 1.048% ZnSO 4 , 0.5550% vitamin A (30 IU/mg), 0.0993% vitamin E (500 IU/g), 0.2701% selenium premix (0.4% Se), 0.3643% Rumensin 90 (Elanco Animal Health), and 1% yellow grease.
4 All values were determined analytically from duplicate composite samples collected weekly from the feed bunk. through 21 (Merchen, 1988) . Fecal and duodenal samples were collected 4 times each day from d 17 to 20, with sampling occurring at 0700 (prefeeding), 1000, 1300, and 1600 h. A single 250-mL fecal aliquot and two 250-mL duodenal aliquots were retained from each collection for analyses of DM, OM, and starch. Ruminal fluid samples were collected on the same schedule. One-liter samples of ruminal fluid were taken from the ventral portion of the rumen and strained through 4 layers of cheesecloth. Sample pH was immediately measured using a portable pH meter (Oakton II Series, Eutech Instruments, Singapore), and two 50-mL aliquots were retained. Samples of whole ruminal contents (2 kg) were obtained on d 21 and mixed with 2 L of formalin/saline solution (3.7% formaldehyde and 0.9% NaCl) for isolation of bacterial cells.
Once collected, all samples were frozen at -4°C. Duplicate samples of ruminal fluid and duodenal fluid were stored frozen. Analysis was completed on 1 of the duplicates, and the other was held in reserve. Fecal samples and feed refusals from each steer in each period were composited and dried in a forced-air oven (48 h at 60°C) to determine DM content. Duodenal samples were lyophilized in a Labconco FreeZone 18 (Labconco, Kansas City, MO). Approximately one-half of ingredient, ort, duodenal, and fecal samples collected were ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass through a 1-mm screen, and the other one-half was ground through a 0.5-mm screen (Cyclotec 1093; Foss Tecator AB, Hoganas, Sweden). The different screens were used per the specific laboratory analyses. Laboratory DM of feed ingredients, feed refusals, feces, duodenal fluid, and bacterial samples were determined after drying in a 100°C forced-air oven for 24 h; OM was determined by ashing samples at 600°C for 8 h (methods 930.15 and 942.05, respectively; AOAC, 1990) . Starch content of fecal, duodenal, ingredient, bacterial, and ort samples was determined using spectrophotometry (PowerWave-XS Spectrometer; BioTek U.S., Winooski, VT) after converting starch to glucose using an enzyme kit (Megazyme International Ireland Ltd., Wicklow, Ireland; method 996.11; AOAC, 2003) .
Ort, duodenal, fecal, and ingredient samples (excluding wet distillers grains with solubles) were analyzed for NDF concentration using an Ankom fiber analyzer (Ankom Inc., Fairport, NY) with ash correction. Chromium concentration of duodenal and fecal samples was determined via inductively coupled plasma analysis by a commercial laboratory (SDK Laboratories, Hutchison, KS) after digestion according to Williams et al. (1962) . Fecal output (g/d) and duodenal flow (g/d) were calculated as chromium dose (g/d) divided by the fecal and duodenal chromium concentration (g/g), respectively, as described by Owens and Hanson (1992) . At the completion of the experiment, ruminal fluid samples were analyzed for VFA using gas chromatography (Varian 3900; Varian Inc., Palo Alto, CA) according to the procedures of Erwin et al. (1961) . Ruminal ammonia concentration was determined using procedures outlined by Broderick and Kang (1980) and quantified using a spectrophotometer (PowerWave-XS; BioTek U.S.) at 550 nm. Total N concentration (method 968.06; AOAC, 1990) was determined using the Dumas combustion method for N analysis (Vario MAX N/CN; Elementar Americas Inc., Mt. Laurel, NJ).
Whole ruminal contents were composited across steers within dietary treatment, blended (GE model 169202; General Electric Company, Fairfield CT), and centrifuged to isolate bacterial cells (Leupp et al., 2009 ). Samples were blended on high speed for 1 min and strained through 4 layers of cheesecloth. Liquid was then placed in 250-mL centrifuge bottles and centrifuged at 500 × g for 20 min at 4°C to remove feed particles to quantify the nonammonia, nonmicrobial nitrogen (NANMN). Supernatant was removed and centrifuged again at 500 × g for 20 min at 4°C. Bacteria were separated from free supernatant by centrifuging at 30,000 × g for 20 min at 4°C and were subsequently frozen at -4°C and lyophilized. Duodenal contents, bacterial isolates, and fecal samples were analyzed for purine concentration to determine microbial flow using a modified Zinn and Owens (1986) procedure with a more dilute perchloric acid to hydrolyze material containing purines (Crawford et al., 2008) . Purine concentration was determined on a spectrophotometer (PowerWave-XS; BioTek U.S.) at 260 nm. True ruminal digestibility was calculated as the difference between the amount of nutrient ingested and the amount present at the duodenal cannula after correcting for microbial nutrient contributions. Microbial efficiency was calculated as the grams of bacterial N per kilogram of OM fermented in the rumen.
Statistical Analyses
In Exp. 1, the model included the fixed effect of treatment and the random effect of block (each truckload of animals was a block) using pen as the experimental unit, and all data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). The residuals were evaluated for normality and variance equality using the PROC UNIVARIATE procedure and Bartlett's and Levene's tests. The initial analysis indicated that overall ADG and G:F residuals were not normally distributed (Shapiro-Wilk statistic; P = 0.08). Therefore, performance data from d 1 to 42 were log 10 transformed to correct the lack of normality and were analyzed with the model described previously. The P-values are based on the transformed data, whereas the arithmetic means and SEM are reported from the untransformed data. Orthogonal contrasts on the transformed data were used to determine the linear and quadratic effects of GLY in-clusion on cattle performance. Animal performance data are presented in 2 periods: d 1 to 28 and d 1 to 42.
The proportion of steers per pen that was treated at least once for BRD and retreated for BRD and the number of steers that were seropositive for IBR on d 28 were analyzed with the GLIMMIX procedure of SAS using pen as the experimental unit. Serum antibody titers on d 28 were not normally distributed, and the data were transformed using log 2 . The P-values are based on the transformed data, whereas the arithmetic means are reported from the untransformed data. Animals that were seropositive on d 1 were excluded from the analysis to remove the effect of unbalanced secondary antibody responses. The model included the fixed effect of treatment and the random effect of block.
In Exp. 2, there were problems associated either the ruminal and duodenal cannula or low DMI by the steers (>2 SD less than overall mean DMI as a percent of BW); therefore, 4 experimental observations were removed from the initial 4 periods, and an additional period was added to the experiment to provide 4 replications per treatment. Nutrient digestibility data were analyzed as a 4 × 4 Latin square using the MIXED procedure of SAS. The model consisted of dietary treatment, and animal and period were random effects. Orthogonal contrast statements were used to separate linear and quadratic effects of GLY inclusion in the diet. Ruminal pH, ammonia, and VFA were analyzed as a Latin square with repeated measures using the MIXED procedure of SAS. Several covariance structures were tested, and the structure resulting in the smallest Akaike and Schwarz Bayesian criteria was considered the most appropriate for analysis (Littell et al., 1998) . The fixed effects of treatment, time, and the treatment by time interaction were included in the model. There were numerous treatment by time interactions; therefore, these interactions are described in the text, and in the tables simple main effects are presented. Effects were considered significant at a P-value of ≤ 0.05, with tendencies declared at P-values between 0.05 and 0.10.
RESULTS AND DISCUSSION

Experiment 1
The GLY was sent to a commercial laboratory for analyses of CP = 1.24%, NPN = 0.30%, fat = 0.31%, Na = 2.32%, methanol = 0.54%, glycerin = 79.70%, and ethanol < 0.01%. The initial analysis indicated increased Na concentration in GLY, and a second supplement without Na was formulated and used to obtain equal dietary Na. However, Na increased with GLY inclusion in diets fed the first 21 d of the 42-d study. The GLY fed in our study ( Table 2 ) was generally of greater purity than of sources typically found in the industry and reported by Jung and Batal (2011) , who evaluated chemical characteristics of various GLY samples from diverse production facilities that used soybean oil as the main feedstock.
Dry matter intake was reduced from d 1 to 28 and d 1 to 42 (Table 2 ; linear, P < 0.01) when cattle were fed 5% and 10% GLY vs. 0% GLY, respectively. The extent to which dietary energy density alone was the primary driver of reduced DMI in the present study is unclear, especially because GLY replaced the NDF component of the diet. The concentration of NDF decreased by 3.5% from 0% to 5% GLY inclusion and by 16% from 5% to 10% GLY inclusion in the diet. The authors believe that in the current experiment, there was an increase in energy density of the diet as GLY replaced grass hay, but no direct measurements of energy density were collected. A linear decrease in DMI was evident as dietary GLY increased from 0% to 10%. Berry et al. (2004) observed a similar reduction in DMI in steers fed concentrate-based diets based on cracked corn and dry distillers grains when compared with low-energy diets based on cottonseed hulls, cracked corn, wheat middlings, and dry distillers grains (0.85 or 1.07 Mcal/kg of NE g ). Daily BW gain was not altered when low-or high-energy diets or low or high levels of dietary starch were fed by using dried distillers grains and soybean hulls. Others have reported that DMI was greater for cattle fed diets containing distillers grains but was not affected by GLY inclusion (Jaderborg et al., 2011) . Parsons et al. (2009) fed a finishing diet based on SFC to heifers where DMI decreased as concentrations of soy-based GLY (composition not reported) increased from 0% to 16% (quadratic) and carcass-adjusted ADG was greatest at 2% GLY inclusion in the diet. Pyatt et al. (2007) reported a 10.1% reduction in DMI when GLY was fed to steers at 10% in a grain-based finishing diet 2 Initial BW was not shrunk because cattle were weighed after 18 h of transit and withheld from feed and water before processing.
3 Data were log 10 transformed because data were not normally distributed. Means were calculated on nontransformed data, and P-values were calculated using transformed data.
with 15% dried distillers grains (DDGS) and a diet with 30% DDGS and 15% soy hulls, both based on cracked corn. Elevated Na concentrations in a cattle diet can lead to reduced feed and water intake, decreased growth, and mild digestive disturbances (NRC, 2000) . It has been estimated that the maximum tolerable Na consumption for ruminants below which feed intake is not altered is 1 g/kg of BW (NRC, 2005) . At 10% GLY, our diet contained 0.36% Na by analysis; thus, our 10% GLY diet potentially contained the equivalent of 0.76% Na. This concentration would provide a daily intake of approximately 40 g/d, which is well below the expected maximum tolerable limit of approximately 245 g of Na/d.
During the first one-half (d 1 to 28) of the receiving phase, the inclusion of GLY decreased DMI (P < 0.01) and ADG linearly (P = 0.04) and had no effect on G:F. However, ADG was not different when GLY replaced roughage in the receiving diet from d 1 to 42, yet GLY inclusion tended to increase G:F in a linear manner (P = 0.07). In agreement with our results, Jaderborg et al. (2011) determined the effects of substituting modified distillers grains (distillers grains that are processed through 1 dryer instead of multiple dryers) or soy GLY for SFC in finishing diets on performance and carcass characteristics of yearling cattle. Dietary treatments were used in a 2 × 2 factorial design of distillers grains at 0% or 35% and GLY at 0% or 10% of diet DM. Carcass-adjusted ADG was not affected by feeding either coproduct; however, a tendency (P = 0.06) for greater G:F was observed for cattle consuming diets without distillers grains. These authors also reported improved G:F (19.2%) with GLY inclusion. This improvement in efficiency was 21.9% when GLY replaced 10% of the cracked corn in the grain-based diet and was 16.4% when GLY replaced 10% of the cracked corn in diets that also contained 30% DDGS. Although in the experiment by Jaderborg et al. (2011) GLY replaced corn in a finishing diet and in our experiment GLY replaced roughage in a diet for newly received cattle, the ADG and G:F follow the same pattern.
Conversely, Berry et al. (2004) observed no effect on ADG or G:F in steers. Daily BW gain was not altered when low-or high-energy diets or low or high levels of dietary starch were fed by using dried distillers grains and soybean hulls. Furthermore, Meale et al. (2013) replaced whole wheat grain with GLY at 0%, 6%, and 12% of dietary DM and found no differences for DMI or ADG as GLY increased in the diet fed to Merino ewes.
Dietary inclusion of GLY reduced DMI but did not affect ADG from d 1 to 42, resulting in an increase in G:F with optimal performance in the experiment at 5% of the diet. Direct effects of GLY on ruminal fermentation are a shift in VFA production in favor of propionate, with an even greater increase in butyrate at the expense of acetate both in vitro and in vivo (Rémond et al., 1993) . Glycerin has the potential to produce negative effects on cellulolytic activity in the rumen, ultimately decreasing fiber digestion. Large reductions in cellulose degradation by cellulolytic bacteria and cellulolytic fungi were observed in vitro when media contained 5% GLY (Roger et al., 1992) .
The number of steers treated once (Table 3 ) and the total number of animals receiving treatment for BRD did not differ among treatments. Furthermore, there were no differences detected among treatments for mortality, and the frequency of steers that were seropositive for IBR on d 28 was not affected by treatment. Serum antibody titers on d 28 were log 2 transformed and do not include steers that were seropositive for IBR on d 1 or dead cattle to remove the effect of unbalanced secondary antibody responses. Serum IBR titers did not differ among treatments. Rivera et al. (2005) reviewed the literature and quantified that increased energy density is positively related to the incidence of BRD. Adequate energy intake and body energy stores are important for all bodily functions, including immunity. Rivera et al. (2005) concluded that greater energy intake with lesser roughage concentrations might allow the immune system to be more functional, thus yielding a more rapid response to foreign antigens, an increased febrile response, and a greater chance of showing outward signs of BRD. Whitney et al. (2006) fed Bermuda grass hay alone, hay with 0.175% or 0.35% of BW of supplemental soybean meal, or a 70% concentrate diet for an 84-d growing period. After 84 d, cattle were switched to the 70% concentrate diet and challenged with an intranasal dose of bovine herpes virus I. Serum IgG concentrations were greater before and after the challenge 2 Seropositive cattle on d 1 (n = 34) and dead cattle (n = 13) were removed from the analysis.
3 Data were log 2 transformed because data were not normally distributed. Means were calculated on nontransformed data, and p-values were calculated on transformed data, n = 9 pens/treatment.
in cattle fed the hay-based diets during the growing phase. However, other authors have noted no difference in calf health when fed diets with varying levels of energy density (Fluharty et al., 1994; Berry et al., 2004) . Even though the authors have hypothesized that part of the performance response (increased G:F and decreased DMI from d 1 to 42) observed when GLY was increased in the diet is caused by greater energy density, dietary inclusion of GLY did not affect health characteristics of receiving cattle.
Morbidity, mortality, and serum antibody titers to IBR were not affected by dietary GLY inclusion. However, nonsignificant increases were observed with dietary GLY incorporation. These increases in morbidity, mortality, and serum antibody titers to IBR with GLY inclusion could be of importance in future research to refine the relationship between respiratory disease and energy intake, allowing producers to formulate diets to the needs of newly received beef steers.
Experiment 2
The GLY used in Exp. 2 was analyzed at a commercial laboratory (SDK Laboratories, Hutchinson, KS) for CP = 1.70%, ether extract < 0.02%, Na = 2.52%, and methanol = 0.08%. Diets fed in Exp. 2 were formulated for equivalent CP concentration by replacing corn with cottonseed meal, and the resulting CP concentrations ranged from 15.4% to 15.6% (Table 4) . As expected, NDF concentration decreased as GLY replaced alfalfa hay in the diet. Similarly, starch concentration decreased as cottonseed meal and GLY increased and displaced SFC. Similar to Exp. 1, the GLY contained 2.52% Na.
Nutrient intake, flow, and digestibility data are presented in Table 5 . Unlike the results of Exp. 1, DMI was not different among treatments, even with the increased Na concentration in the GLY diets. Furthermore, intake of OM and starch was not different among treatments. Neutral detergent fiber is reported on an OM basis because the alfalfa hay used during the experiment varied in ash content. Thus, NDF intake on an OM basis decreased linearly as GLY increased in the diet (P < 0.02). This result was expected because GLY replaced alfalfa hay in the diet. Ruminal apparent OM digestibility increased linearly as GLY concentration increased (P < 0.01), which was likely because of the linear decrease in NDF intake as GLY increased, and GLY may possibly stimulate ruminal NDF (OM basis) 66.7 64.9 66.6 66.6 3.2 0.96 0.80 1 Here 0%, 2.5%, 5%, and 10% indicate the percentage of glycerin included in the diet (DM basis).
2 Standard error of least squares means, n = 4 steers/treatment.
fermentation by improving overall OM digestion through increased bacterial OM and starch flow to the duodenum. Shin et al. (2012) reported that feeding GLY had no effect on apparent digestibility of DM and OM in cottonseed-hull-or corn-silage-based diets fed to lactating dairy cows. Additionally, in our experiment ruminal apparent and true starch digestibility increased linearly (P < 0.05) as GLY concentration increased in the diet. Total true and apparent starch digested ranged from 2.85 to 3.09 kg/d. Ruminal true OM digestibility responded in a quadratic manner (P = 0.01) as GLY increased in the diet. Ruminal digestibility of NDF on an OM basis was not different even though NDF intake decreased as GLY in the diet increased. Conversely, Shin et al. (2012) noted that digestibility of NDF decreased linearly as GLY increased from 0% to 10% in the diet, which would suggest that GLY depresses ruminal fiber digestibility. Furthermore, Donkin et al. (2009) reported that total-tract digestibility of NDF tended to be less in lactating cows fed diets including 5%, 10%, or 15% GLY compared with the 0% GLY control.
No differences were detected in total OM or NDF flow at the duodenum among treatments. The duodenal flow data should be interpreted with caution, as there are potential inaccuracies in measuring duodenal flow using a single marker. The flow of bacterial OM and bacterial starch responded quadratically (P ≤ 0.02), where it increased from 0% to 5% GLY inclusion and decreased thereafter. Feed OM flow responded quadratically (P = 0.05), decreasing from 0% to 2.5% GLY and increasing from 2.5% to 10% GLY inclusion. Feed starch and total starch flow decreased linearly (P = 0.02) as the concentration of GLY increased in the diet. No differences were observed for postruminal OM, starch, or NDF digestibility. Fecal OM output decreased linearly (P = 0.03) as GLY increased in the diet from 0% to 10% of DM. Likewise, fecal starch and fecal NDF output tended to linearly decrease (P = 0.09) in response to increasing GLY concentration in the diet. Apparent digestibility of starch was not affected by increasing concentration of GLY in the diet; however, apparent digestibility of OM increased linearly (P = 0.01) as GLY concentration increased. The apparent digestibility of NDF was not different as GLY increased in the diet, and the range of digestibility among diets was from 64.9% to 66.7%. Generally, it is thought that GLY can produce negative effects on ruminal cellulolytic activity, which could lead to decreased fiber digestibility. Large decreases in cellulose degradation by cellulolytic microorganisms were observed in vitro when media contained 5% GLY (Roger et al., 1992) . Additionally, GLY reduced IVDMD of oat hay by 8% to 15% and reduced IVDMD of carboxymethyl cellulose by 7% to 20% (Paggi et al., 2004) . Likewise, Parsons and Drouillard (2010) observed a tendency toward a linear reduction in apparent total-tract digestibility of NDF when cannulated steers were fed GLY at 2% and 4% of the dietary DM in a high-concentrate diet. Avila-Stagno et al. (2013) fed diets to sheep that contained barley grain, wheat dried distillers grain with solubles, sunflower hulls, beet pulp, and alfalfa. Glycerin was included in the diet at 7%, 14%, and 21% of DM and replaced barley grain. These authors found that nutrient digestibility was not different among the diets. Concerns about decreased fiber digestibility in GLY feeding are limited for feedlot cattle fed high-concentrate finishing diets because fiber concentrations are normally low, but decreasing fiber digestion in receiving and growing diets is of concern because they typically contain a large portion of fibrous by-products (such as cottonseed hulls or soybean hulls) and could potentially impact animal performance when combined with GLY.
Nitrogen intake, flow, and digestibility are presented in Table 6 . By design, N intake was not different among treatments. Bacterial N flow at the duodenum tended to responded quadratically, with increasing GLY in the diet up to 5% and then decreasing from 5% to 10%. Conversely, no differences were detected in ammonia or NANMN or total N flow at the duodenum. Microbial efficiency responded quadratically (P = 0.02), increasing from 0% to 5% GLY inclusion and then decreasing thereafter. The quadratic response in microbial efficiency likely corresponds to the quadratic response in bacterial N flow at the duodenum (Table 6 ), which could mean that replacing 5% of roughage in a growing diet could enhance microbial efficiency. Additionally, this may partially explain why no differences in ADG were observed from d 1 to 42 when GLY increased in the diet. Supporting this, Shin et al. (2012) reported that use of dietary N by ruminal microbes was increased as GLY concentration increased in the diet, and they observed a reduction in ammonia N in ruminal fluid across sources of roughage including cottonseed hulls and corn silage by feeding GLY in lactating cow diets. In the present experiment, fecal N output was not different across treatments, and true ruminal N digestibility and apparent N digestibility, as a proportion of N intake, were also not different across treatments (presented in Table 6 ). However, postruminal N digestibility, as a proportion of N intake, tended to increase linearly (P = 0.07) as GLY concentration increased in the diet.
Ruminal proportions of acetate, propionate, the A:P ratio, valerate, butyrate, and isovalerate are presented in Fig. 1 . The proportion of acetate (Fig. 1A) decreased (P = 0.05) from 1 to 3 h postfeeding when GLY was included at 2.5%, 5%, and 10% of DM but did not decrease in the control diet. This result is somewhat expected because GLY is primarily converted to propionate in the rumen (K. E. Hales, unpublished data). AbuGhazaleh et al. (2011) reported that when continuous culture fermenters were fed diets (60% forage and 40% concentrate) in which GLY replaced corn at 0%, 15%, 30%, and 45%, the DNA concentrations of Butyrivibrio fibrisolvens and Selenomonas ruminantium were decreased when glycer- Figure 1 . Ruminal volatile fatty acid proportions of (A) acetate, (B) propionate, (C) acetate:propionate ratio, (D) valerate, (E) butyrate, and (F) isovalerate from samples collected at 0, 3, 6, and 9 h postfeeding for diets containing 0%, 2.5%, 5%, and 10% glycerin (GLY). The SEM is the largest SE of the least squares mean, n = 4 steers/treatment.
in replaced corn at 30% and 45%. Butyrivibrio fibrisolvens may produce a cellulose digesting enzyme; however, it is thought to be more important in the hydrolysis of hemicellulose than cellulose (Varga and Kolver, 1997) .
Additionally, in lactating dairy cow diets based on cottonseed hulls or corn silage, Shin et al. (2012) noted that feeding GLY reduced the proportion of ruminal acetic acid. Some of the early research on feeding GLY to finishing cattle hypothesized that GLY is likely entirely converted to propionate in the rumen (Parsons et al., 2009) . Propionate (Fig. 1B) concentration was greatest (P < 0.05) in the diet with 10% GLY at 0, 3, 6, and 9 h postfeeding, which is consistent with earlier research in which ruminal propionate concentrations were greater when a 45% GLY diet was added to continuous culture fermenters in place of corn (AbuGhazaleh et al., 2011) . Similarly, feeding GLY to lactating cows increased the proportions of propionic acid when the diets were based on cottonseed hulls or corn silage (Shin et al., 2012) . In contrast, Mach et al. (2009) reported no difference in molar proportions of acetate or propionate when Holstein bulls were fed 0%, 4%, 8%, and 12% GLY in a high-concentrate diet. In the current experiment, the A:P ratio (Fig. 1C ) was greater (P < 0.01) in the control diet than the diets that contained GLY 3 h after feeding. Additionally, in the 2.5%, 5%, and 10% GLY diets, the A:P ratio decreased from 0 to 3 h and then increased from 3 to 9 h after feeding. Avila et al. (2011) and Wang et al. (2009) reported a linear decrease in the A:P ratio as GLY concentration increased. Additionally, Lee et al. (2011) reported a decrease in A:P ratio when GLY was used as a substrate or included in AH or corn treatments. Shin et al. (2012) hypothesized that feeding GLY should increase the numbers of ruminal microbes that preferentially shift VFA production toward propionate and butyrate and that because of the decrease in acetate the acetate to propionate ratio should be reduced. Wang et al. (2009) reported an increase in butyrate concentration as GLY level increased, which does not agree with our results in which butyrate concentration was less in GLY than in AH or SFC. Avila et al. (2011) noted that butyrate concentration decreased linearly as GLY level increased from 7% to 21% of DM. When GLY was the substrate, propionate comprised 83% of the total VFA proportion, further supporting the idea that GLY is almost entirely converted to propionate in the rumen. Only 11% of the GLY was converted to acetate in the in vitro system. In contrast, acetate comprised 53% of the total VFA profile of SFC, followed by propionate (32%) and butyrate (13%). Wang et al. (2009) reported a linear increase in total VFA concentration as GLY concentration increased. These results do not agree with Avila et al. (2011) and Lee et al. (2011) , in which no differences in total VFA were noted as GLY concentration increased. AbuGhazaleh et al. (2011) reported that the bacterial DNA concentration decreased when corn was replaced with GLY (45%) in continuous culture fermenters were fed a 60% forage and 40% concentrate diet. The decrease in total bacteria could potentially explain why feeding GLY at high levels in the diet seems to adversely affect live animal performance.
Valerate concentration (Fig. 1D ) was least (P < 0.05) for the control diet without GLY at 0, 3, and 6 h after feeding, whereas the control diet without GLY and the 2.5% GLY diets had the greatest (P < 0.05) concentration of isovalerate (presented in Fig. 1F ) at 0, 6, and 9 h after feeding. Additionally, butyrate concentration (Fig. 1E ) was greater (P < 0.01) in the 2.5% and 5% GLY treatments 3 h after feeding than the 0% and 10% GLY diets. Avila et al. (2011) noted that butyrate concentration decreased lin- early as GLY level increased from 7% to 21% of DM, and Shin et al. (2012) noted that feeding GLY increased the concentration of butyric acid in lactating dairy cows. It is thought that GLY is metabolized by Megasphaera elsdenii, Streptococcus bovis, and Selenomonas ruminantium (Stewart et al., 1997) , and Megasphaera elsdenii has been associated with increases in butyric acid in ruminal fluid. Concentrations of isobutyrate ( Fig. 2A) were greater (P = 0.02) in the low-GLY diets (0% and 2.5%) at the time of feeding, whereas there were no other differences in concentrations at 3, 6, and 9 h after feeding.
The total VFA (Fig. 2B) were not different across sampling times, except at 6 h after feeding, when the 0% and 5% GLY diets were greater (P = 0.01) than the 2.5% and 10% GLY diets. The reason for this difference is not known; however, Shin et al. (2012) reported that GLY had no effect on total VFA concentration. Furthermore, Shin et al. (2012) suggested that the ruminal effect of GLY on the extent of fermentation is not different from that of starch. The concentration of ruminal ammonia is presented in Fig. 2C . The concentration of ammonia was greater (P < 0.01) in the control and 2.5% GLY diet 3 h after feeding, and the control diet without GLY had the lowest (P = 0.03) ruminal ammonia concentration 6 and 9 h after feeding. Moreover, there were no differences detected in pH (Fig. 2D) at 0, 3, and 6 h after feeding; however, at 9 h after feeding, the 10% GLY diet had the lowest (P = 0.01) ruminal pH. The decreased ruminal pH at 9 h is reason- Figure 2 . Ruminal volatile fatty acid proportions of (A) isobutyrate, (B) total VFA, (C) ammonia, and (D) pH from samples collected at 0, 3, 6, and 9 h postfeeding for diets containing 0%, 2.5%, 5%, and 10% glycerin (GLY). The SEM is the largest SE of the least squares mean, n = 4 steers/treatment. able because of the sustained total VFA concentration at 9 h and no increase in ammonia production at 9 h.
Feeding GLY had no effect on total VFA concentration, suggesting that the ruminal effect of GLY is not different from that of starch. The decrease in the A:P ratio as GLY increases in the diet, in addition to the linear decrease in DMI and improvement in G:F observed in the receiving study with GLY addition up to 5% of DM in place of roughage, implies that GLY can be effectively used in receiving and growing feedlot diets. The addition of 5% GLY in place of roughage can be an effective strategy in receiving and growing feedlot diets to improve efficiency, ruminal starch digestibility, and microbial protein flow to the duodenum.
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